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STARCH BRANCHING ENZYMES 
TECHNICAL FIELD 

The invention relates to the field of plant molecular biology, particularly to 
5 enzymes of starch bio-synthesis. 

BACKGROUND ART 

The endosperm of wheat, barley, rye and triticale contain large A-type and 
small B-type starch granules at maturity 1 . In wheat, the large A-type starch 

10 granules are more than 10 jam in diameter and lenticular in shape, while B- 

type starch granules are less than 10 jam in diameter and roughly spherical in 
shape 2 . Because A- and B-type starch granules have significantly different 
chemical compositions and functional properties 3 , wheat cuitivars with 
predominantly A- or B-type starch granules would be very useful to the food 

15 and non-food industries. 

A-type starch granules are produced in amyloplast at about four to five days- 
post-anthesis (DPA), and their number increases until 12 to 14 DP A 4 . 
Subsequently, the A-type starch granules grow in size to an eventual 
20 diameter of from 10 \xixx to more than 36 {am. The number of A-type starch 
granules per endosperm is constant from about 15 DPA to maturity. 

B-type starch granules are actively initiated about 14-16 DPA. Both the 
number and size of B-type starch granules increase until wheat grain 
25 matures. The diameter of B-type starch granules is less than 10 [im 2 .The 
mechanisms controlling the initiation and size growth of A- and B-type 
starch granules are unknown. Based on the current knowledge about starch 
granule synthesis, several mechanisms could be proposed. The initiation and 
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size growth of A- and B-type starch granules may be controlled by different 
isoforms of starch synthases (SS), starch branching enzymes (SBE), and 
debranching enzymes (DBE). These enzymes are involved in the biogenesis 
of plant starch granules 5 . In the barley shrunken endosperm mutant {shx), 
5 the size of A-type starch granules is reduced, giving the appearance of a 
unimodal size distribution 6 . The soluble starch synthase I (SSS I) activity in 
the shx endosperm is 86% lower relative to the wild type, suggesting that 
SSS-I may play a role in controlling the size growth of A-type starch 
granules 7 . However, there are no experimental results showing genetic 
10 control of starch granule size distribution in wheat 8 ' 9 . 

Starch branching enzyme (a-l,4-glucan-6-glycosyltransferase; EC 2.4.1.18, 
SBE) is a key enzyme in the starch biosynthesis pathway. The enzyme acts 
on glucose polymers and catalyses excision and transfer of glucan chains to 
15 the same or other glucan molecules. Translocated chains are attached to the 
polymer through a-l,6-glucosidic bonds to form branches on the a-l,4-linked 
glucose backbone. All of the reported SBE from plants to date can be divided 
into two classes, SBEI and SBEII, based on their amino acid sequences 10 . 
Most of the characterised plant SBEs are in the 80-100 kDa molecular mass 
20 range and, like all enzymes of the a-amylase family, carry a (Pa)s barrel 

domain with four highly conserved regions at the active site 11 . Analysis of 
plants with reduced SBEII activity and enzyme assays performed with 
purified. SBEI and SBEII proteins suggest that the two enzyme classes differ 
in their enzymatic specificity 12 13 . The biochemical data suggest that SBEI 
25 favours transfer of long glucan chains and acts primarily on amylose, 
whereas SBEII produces shorter branches and prefers amylopectin as 
substrate 14 15 16 . However, the exact role of the different SBE classes in the 
formation of the branched glucan polymers in planta is not clear. There is no 
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previous evidence to suggest that there are SBEs specific to A- or B-type 
starch granules. 

DISCLOSURE OF THE INVENTION 

5 In a first aspect the invention provides a starch branching enzyme that is 

bound to A- type starch granules in wheat, rye, barley or triticale endosperm. 

In a second aspect, the invention provides a DNA sequence encoding one of 
the starch branching enzymes that is bound to A-type starch granules in 
10 wheat, rye, barley or triticale endosperm. 

In a third aspect, the invention provides a method for increasing the 
concentration of A-type starch granules in endosperm of a wheat, rye, barley 
or triticale plant by over-expressing in the plant a gene encoding , a starch 
15 branching enzyme that is bound to A-type starch granules. 

■•- 

In a fourth aspect, the invention provides a method for decreasing the 
concentration of A-type starch granules in endosperm of a wheat, rye, barley 
or triticale plant by suppressing the activity of a starch branching enzyme 
20 that is bound to A-type starch granules. 

In a fifth aspect, the invention provides a method for decreasing the 
concentration of A-type starch granules in endosperm of a wheat, rye, barley 
or triticale plant by suppressing the transcription and/ or translation of a 
25 gene encoding a starch branching enzyme that is bound to A-type starch 
granules in wheat, rye, barley or triticale endosperm. 

In a sixth aspect, the invention provides a method of modifying starch 
granule morphology in a plant expressing a gene encoding a starch 
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branching enzyme that is bound to A-type starch granules in wheat, rye, 
barley or triticale endosperm. 

In a seventh aspect, the invention provides a method for analysing a plant to 
5 determine the presence or absence of DNA encoding granule bound starch 
branching enzyme, comprising the steps of: 

providing a probe capable of hybridising with a DNA encoding a starch 
branching enzyme that is bound to A-type starch granules in wheat, rye, 
barley or triticale endosperm; 
10 exposing the probe to sequences of DNA derived from the genome of the 

plant; and 

detecting whether hybridisation with the probe has occurred. 

In an eight aspect, the invention provides a method for analysing a plant to 
15 determine the presence or absence of transcripts encoding granule bound 
starch branching enzyme, comprising the steps of: 

providing a probe capable of hybridising with mRNA encoding a starch 
branching enzyme that is bound to A-type starch granules in wheat, rye, 
barley or triticale endosperm; 
20 exposing the probe to RNA prepared from the plant or used in in situ 

hybridisation analysis, and detecting whether hybridisation with the probe 
has occurred; 

providing specific primer for detection of transcripts encoding a granule 
bound starch branching enzyme in wheat; where 
25 detection is accomplished by RT-PCR analysis. 

In a ninth aspect the invention provides an antibody raised to a starch 
branching enzyme that is bound to A-type starch granules in wheat, rye, 
barley or triticale endosperm. 



WO 01/32886 PCT/CA00/01276 

5 

In a tenth aspect, the invention provides a method for analysing a plant to 
determine the presence or absence of granule bound starch branching 
enzyme, comprising the steps of: 

exposing the proteins of the plant to an antibody raised to a starch branching 
5 enzyme that is bound to A-type starch granules in wheat, rye, barley or 
triticale endosperm; and 

detecting whether the antibody has bound a starch branching enzyme that is 
bound to A-type starch granules in wheat, rye, barley or triticale endosperm. 

10 The invention also relates to a method of genetically transforming a plant so 
that the plant expresses a starch branching enzyme that is bound to A-type 
starch granules in wheat, barley, or triticale endosperm. 

The invention further relates to a genetically modified plant expressing a 
15 starch branching enzyme that is bound to A-type starch granules in wheat, 
barley, or triticale endosperm. 

The invention also relates to a genetically modified plant having within its 
genome a hybrid gene, wherein the hybrid gene comprises a DNA sequence 
20 encoding a starch branching enzyme that is bound to A-type starch granules 
in wheat, barley or triticale endosperm, or a fragment thereof, fused to a 
passenger-gene. 

DETAILED DESCRIPTION OF THE INVENTION 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a schematic alignment of pABEI and pRN60 cDNA. Hatched 
area of pABEI coding region (grey box) represents sequence encoding a 
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putative transit peptide and horizontal arrows on the pRN60 cDNA show 
location of imperfect direct repeats. The four black areas within the coding 
region represent sequences encoding the highly conserved regions of 
enzymes belonging to the a-amylase family 11 . DNA fragments used as 
5 probes in DNA and RNA hybridisations are indicated below. 

Figure 2 shows RNA gel analysis of Sbel expression during wheat kernel 
development. 

A Analysis of total RNA (20 jig) prepared from developing kernels 
10 harvested at different DP A. The blot was hybridised with probe 2 (Figure 1) 
and estimated sizes of hybridising RNA species are shown to the left. 
Migration of RNA size markers is indicated to the right. 
B Same blot as above hybridised with a 255 rRNA DNA probe. 

- 15 — Figure 5'- end of 'the*4.6 kb 
Sbelc transcript. 

A Schematic illustration of the 4.6. kb Sbelc transcript and product 
obtained from 5' -RACE analysis. Start of pRN60 sequence and location of 
PCR primers used in the 5'-RACE and RT-PCR reactions are indicated. 
20 B Gel analysis of 5'-RACE products obtained in reactions with primers 
indicated and poly(A) + RNA prepared from 12-day-old wheat kernels. 
Arrows indicate migration of product carrying the 5' end of the 4.6 kb Sbelc 
cDNA. Migration of standard DNA fragments are indicated to the right. 
C Gel analysis of RT-PCR products obtained from reactions with PCR 
25 primers BE65 and BE38. 

Figure 4 shows the nucleotide sequence and deduced amino acid sequence of 
the 4.6 kb SBEIc transcript produced in the wheat endosperm. Possible 
polyadenylation sequence is underlined and proposed transit peptide 
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cleavage site is indicated by an vertical arrow. Shadowed regions represent 
conserved sequences in enzymes belonging to the a-amylase family". Start 
of pRN60 sequence and location of PCR primers used in the study are 
indicated. 

5 

Figure 5 shows a schematic illustration of SBEIc precursor encoded by 4.6 kb 
Sbelc transcript. DNA sequences corresponding to exons 1 to 14 on wheat 
genomic Sbel 17 are indicated. Hatched areas indicate location of predicted 
transit peptide and domains 1 and 2 encompass SBEI-like sequences. The 

10 location of the four highly conserved regions on (pa) 8 barrels of amylolytic 
enzymes 11 are indicated by black boxes and their sequences are shown 
below. Highly conserved residues are indicated by asterisks and catalytic 
residues present only on domain 2 are underlined. SBEIc is aligned with the 
SBEI-like protein deduced from the wSBEI-D2 cDNA 18 and the wheat 87 kD 

15 "SB~£I5 19 1 • ' ' " - • 

Figure 6 shows the expression analysis of Sbelc in Escherichia coll 

A Schematic illustration of the expression vector pQE-SBEIc carrying 

sequences encoding mature SBEIc with histidine tag (black box) added at the 

20 amino- terminal end. 

B Analysis of BE activity by iodine staining and phosphorylase a 
stimulation assay. BE activities were determined from the BE-positive strain 
DH5a and the BE-deficient strain KV832, transformed with plasmids 
indicated. Construct pREP4-cm expresses the Lac repressor and pQE30 is a 
25 cloning vector used for construction of pQE-SBEIc. The BE activity values 
and standard errors determined by the phosphorylase a stimulation assay 20 
are expressed as pmol glucose-1 -phosphate incorporated mg protein" 1 mirr 1 
and were determined from three separate experiments. 
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C SDS-PAGE and immunoblot analysis of recombinant wheat SBEIc 
produced in Escherichia coli. Total cell extracts of non-induced and IPTG- 
induced cultures of the BE-deficient strain, KV832, harbouring pREP4-cm 
and plasmid indicated were analysed. The immunoblot analysis was done 
5 with antibodies prepared against wheat 87 kD SBEI. Migration of marker 
proteins revealed by amido black staining is shown to the right. 

Fi<nrre 7 shows an immunoblot analysis of starch granule-bound proteins. 
A Analysis of starch granule-bound proteins by SDS-PAGE and silver 
10 staining. Migration of marker proteins (St) is shown to the left 

B Immunoblot analysis of starch granule-bound proteins using 
antibodies prepared against wheat 87 kD SBEI and SBEIL Migration of 
marker proteins revealed by amido black staining is shown to the right 

15 HFigure~8 shows SDS-PAGE^analysis"o£ starch "granule proteins produced in 

wheat endosperm. . 
A Analysis of granule-bound proteins produced in developing 
endosperm of the hexaploid wheat cultivar, Fielder. Solid arrow indicates 
migration of SBEIc isoforms and open arrow shows migration of 59 kD 
20 GBSSII present in pericarp starch 21 . 

B SDS-PAGE analysis of granule-bound proteins extracted from mature 
kernels of Triticum monococcum Tm 23 (lane 1), Triticum tauschii accession PI 
511-380 (lane 2), Triticum turgidum ssp. durum cultivar Kyle (lane 3) and 
Triticum aestivum cultivar Fielder (lane 4). Arrows indicates proteins 
25 recognised by SBEI antibodies and with similar migration as SBEIc. 

Figure 9 shows SDS-PAGE analysis of SGP extracted from wheat A- and B- 
type starch granules. Each lane was loaded with protein extract from 5 mg A- 
and B-type starch granules of five hexaploid and one tetxaploid (Plenty) 
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cultivar. Separated proteins were visualised by silver staining and migration 
of protein molecular weight markers (Mr) is indicated to the right. 

Figure 10 shows analysis of starch granule size distribution in wheat 
5 endosperm. 

A Light microscopic pictures (500x) of total starch granules harvested at 
different stages of endosperm development of the hexaploid wheat cultivar 
CDC Teal. 

B Histogram of large-size (>10 urn) and small-size (<10 um) granule size 
10 distribution during wheat endosperm development. 

Figure 11 shows SDS-PAGE analysis of SGP extracted from large-size (>10 
jam) and small-size (<10 um) starch granules of the hexaploid wheat cultivar 
CDC Teal. Samples of SGP from 5 mg starch granules were from different 
15 stages of wheat endosperm development as indicated. Gel-separated 

proteins were visualised by silver staining and migration of protein ^ 
molecular weight marker (Mr) is indicated to the right. 

Figure 12 shows immunoblot analysis of extracted SGP from wheat A- and 
20 B-type starch granules. Each lane was loaded with SGP extracted from 2 mg 
A- and B-type starch granules harvested from mature endosperm of the 
hexaploid wheat cultivar CDC Teal. To the left is shown SGP separated by 
SDS-PAGE and visualised by silver staining. To the right is shown 
immunoblot analyses or gel-separated SGP using polyclonal antisera 
25 prepared against different wheat starch biosynthetic enzymes as indicated. 

Fio-ure 13 shows sub-cellular localisation of SGP-140 and SGP-145 in 

... .— a 

immature wheat kernels. 
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SDS-PAGE analysis of SGP extracted from CDC Teal pericarp starch, 
endosperm starch and soluble endosperm proteins were prepared from 
different DPA of endosperm development as indicated. Samples of soluble 
protein [280 (10 DPA), 250 (15 DPA) or 250 (20 DPA) ng] and starch granules 
5 (5 mg) analysed were derived from the same amount of endosperm tissue. 
Gel-separated proteins were visualised by silver staining (pericarp and 
endosperm starch analysis) or Coomassie blue staining (soluble endosperm 
analysis). Migration of molecular weight marker (Mr) is shown to the right. 
Below is shown immunoreactive bands formed between gel-separated SGP- 
10 140 and SGP-145 and wheat SBEI antibodies. 



Figure 14 shows analysis of SGP in starches from various plant sources. 
A SDS-PAGE analysis of SGP extracted from 5 mg starch of: A-type 
starch granules from endosperm of triticale, wheat, barley and rye; total 
15 "starch from endosperm-ofcanary-seedrrice and -maize; and potato tubers. 
Proteins were visualised by silver staining: Migration of molecular weight 
marker (Mr) is shown to the right. 

B Immunoblot analysis of gel-separated proteins shown above. 
Immunoreactive bands obtained from interaction between wheat SBEI 
20 polyclonal antibodies and SGP-140 and SGP-145 are indicated. 

C SDS-PAGE analysis of extracted SGP from'5 mg A- and B-type 
starches isolated from wheat, barley, rye and triticale endosperm. Proteins 
were visualised by silver staining. Migration of molecular weight marker 
(Mx) is shown to the right. 



25 



The inventors have characterised a cDNA encoding a novel form of SBEI in 
wheat endosperm. The encoded polypeptide was found to be preferentially 
associated with A-type starch granules. 
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Isolation of a Partial SBEI cDNA Clone 

During screening of a wheat (Triticum aesiivum L. cv. Fielder) cDNA library 
for Sbel clones using probe 1, the pRN60 clone was isolated (Figure 1). DNA 
sequence analysis of pRN60 revealed a 2962 bp insert that was 162 bp longer 
5 than a previously characterised full-length SBEI cDNA, pABEI, isolated from 
the same library (Figure The two cDNA clones matched almost 
perfectly from the 3' end to 346 nucleotides from the 5' end of the pRN60 
cDNA (99.8% nucleotide identity and 100% encoded amino acid identity), at 
which point the two sequences diverged. In contrast to the pABEI cDNA, the 
10 346 bp 5' sequence of pRN60 cDNA did not seem to encode a transit peptide, 
but instead matched sequences located further downstream on the same 
cDNA. The unusual 5' sequence carried by pRN60 lacked stop codons in 
frame with the downstream SBEI coding region, which suggested that the 
isolated cDNA could be translated from the first base, and therefore, might 
15 not represent a full-length transcript. 

E.NA Blot Analysis of Wheat Endosperm Reveals Two Sbel Transcripts 

The existence of Sbel transcripts that were longer than those encoding the 87 
to 88 kD SBEI isoforms was confirmed by an RNA gel blot analysis. This 
20 analysis of wheat kernel RNA extracted at various time points during kernel 
development showed that a transcript of about 5 kb, in addition to the 
expected 2.8 Sbel mRNA, was recognised by the Sbel-specific probe (Figure 
2A). The signals from both the 5 and 2.8 kb transcripts were very weak in 
samples of five-day-old kernels, in which the endosperm is very immature, 
25 but were clearly seen in samples prepared from 10- to 25-day-old kernels. In 
kernels younger than 10 days post anthesis (DP A), the 5 kb hybridisation 
signals appeared stronger as compared to the signal from the 2.8 kb 
transcript. 
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Isolation of Full-length cDNA Corresponding to 4.6 kb Sbel Transcript 
With the hypothesis that the pRN60 cDNA was a partial product of the about 
5 kb Sbel transcript, the inventors isolated the 5' end of this mRNA species 
using a 5'-RACE procedure. Gel analysis of products obtained from the final 

5 PCR reaction revealed one major fragment of 1.9 kb and three minor 

fragments (Figure 3B, lane AP2+BE39). No products were obtained from 
control reactions employing only one primer (Figure 3B; lanes AP2 and 
BE39). The different PCR products were analysed by DNA sequencing, 
which showed that only the 1.9 kb fragment carried Sbel-like sequences. 

10 One of the 1.9 kb 5'-RACE products was found to correspond 100% to the 272 
bp region overlapping the 5' end of pRN60, and the composite cDNA 
sequence obtained with this product and the pRN60 cDNA gave a 4563 bp 
long sequence. This assembled sequence was denoted Sbelc to distinguish it 
from the inventors' previously characterised wheat Sbel clones, Sbelcfl 7 and 

15 Stem 9 : ' - 

The 5'-RACE analysis suggested that several variants of the 4.6 kb Sbelc 
transcript were produced in the wheat endosperm. RT-PCR analysis using 
the BE65 /BE38 primer pair (Figure 3A) and endosperm RNA further 
20 confirmed this observation. The 2.0 kb RT-PCR products generated from 

three independent RT-PCR experiments (Figure 3C, lane BE65+BE38) were 
found to be of at least three different variants, that differed slightly in 
deduced amino acid sequence. One of the sequence variants matched exactly 
to the corresponding sequence on Sbelc, and thus, independently confirmed 
25 the 2.0 kb 5' sequence of Sbelc. 

The 4563 bp SBEI cDNA Encodes a Protein With Two SBEI-like Domains 
DNA sequence analysis of the 4563 bp Sbelc cDNA (Figure 4, and SEQ. ID 
NO: 1) revealed an open reading frame of 1425 codons that was initiated 
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from the 5' end of the assembled sequence and terminated at nucleotides 
4278-4280. The TAA stop codon was followed by a possible polyadenylation 
signal sequence, A AT AAA, located 19 bp upstream of the polyadenylation 
tail. Initiation of translation was assigned for the first ATG codon 
5 (nucleotides 63-65),' allowing translation of 1405 codons of the open reading 
frame. Sequence analysis of the proposed ammo-terminal region of SBEIc 
revealed a 50% sequence identity to transit peptides predicted from wheat 
Sbela and Sbelb. Thus, SBEIc appeared, like the 87 kD SBEI, to be imported 
into plastids. Cleavage of the transit peptide was proposed to occur between 
10 amino acids Ala 6 7 and Ala 63 of the deduced SBEIc sequence (Ile-Ala- 

AlaiAla), as this site showed high resemblance to the consensus sequence for 
transit peptide cleavage sites, Val/Ile-X-Ala/CyslAla^ Processing of the 
SBEIc precursor would leave a 1338 amino acid long mature protein with a 
calculated molecular mass of 152 kD. The transit peptide cleavage site was 
15 confirmed by N-terminal sequencing of SBEIc isoforms produced in the 
wheat cultivar Teal (data presented further below in Table 1). , 
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Analysis of the deduced mature SBEIc sequence disclosed the presence of 
two SBEI-like sequences, domain 1 and 2, encompassing amino acids 1-561 
and 570-1338, respectively, on the mature SBEIc (Figure 5). As already 
mentioned, the sequence of the second domain was identical to that of the ■ 

5 mature protein encoded by the pABEI cDNA. The main difference between 
the first domain and the second domain was the lack of a 21 and a 163 amino 
acid long sequence on domain 1. These two sequences corresponded to exon 
nine and exons 11 to 14, respectively, on wheat genomic DNA coding for the 
87 kD SBEI (Figure 5). Further analysis of SBEIc showed that the first 
10 domain including the transit peptide was very similar to the first 629 amino 
acids (92% identical residues) of a 686 amino acid long SBEI-like protein, 
wSBEI-D2, presumed to be produced in the wheat endosperm 18 . The 
proposed translational start codons coincided for wSBEI-D2 and SBEIc 
cDNA, but no sequence corresponding to the 57 long carboxy-terminal 

15 residues-of-wSBEHE>2-was present on-SBEIc. . 

■* 

The first domain of SBEIc and the corresponding sequence on wSBEI-D2 
differed from other characterised SBEI from plants at the four highly 
conserved regions on enzymes belonging to the a-amylase family, which 
20 include plant SBE 11 . It was especially notable that the Asp residues on 

regions two and four and the Glu residue on region three, all proposed to be 
directly involved in hydrolysis of a-1,4 glucan bonds 11 , were replaced by 
non-equivalent residues (Figure 5). 

Expression of Sbelc Complements a BE Mutation in Escherichia coli 

25 To examine if the isolated cDNA encoded an active enzyme, a piokaryotic 
expression vector, pQE-SBEIc, encoding a histidine-tagged mature SBEIc 
(amino acids 1-1338) was constructed (Figure 6A) and tested for activity in a 
Escherichia coli BE-deficient mutant, KV832 23 . Since high level expression of 
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the His-tagged SBEIc was found to severely affect cell growth, a construct 
expressing the Lac repressor (pREP4-cm) was also introduced into the cells to 
control transcription from the strong T5 promoter. SDS-PAGE and 
immunoblot analysis of extracts prepared from the transformed KV832 cells 
5 confirmed that a polypeptide of expected molecular mass (154 kD) was 
produced at a very low level in non-induced cells, but was clearly seen in 
cells induced with IPTG for two hours (Figure 6C, lane 4). The BE-mutant 
carrying pREP4-cm and cloning vector pQE30 showed a blue/ grey colour 
upon iodine staining, indicating low or no' branching of the glucan polymers 
10 (Figure 6B). Expression of pQE-SBEIc in KV832 cells harbouring pREP4-cm 
resulted in a brown colour upon iodine staining, showing that the BE-mutant 
had regained the ability to branch glucan molecules. The BE-positive strain, 
DH5cc, transformed with pREP4-cm and pQE30A gave a yellow/brown 
colour upon treatment with iodine, as expected from a strain able to produce 
15 — glycogen-lrke-polymersT- The slight differences in iodine staining patterns of 
cells producing plant and bacterial BE has been suggested to reflect : 
differences in enzyme specificity 24 . Production of BE activity from cells 
expressing Sbelc was confirmed by the phosphorylase a assay 20 , which 
revealed a >90-fold higher level of BE activity in soluble cell extracts of non- 
20 induced KV832 cells harbouring pQE-SBEIc, as compared to KV832 cells 

lacking this construct (Figure 6B). The BE-positive strain, DH5a, produced a 
4.5 times lower level of BE activity than the complemented KV832 cells. The 
BE activity in induced cells expressing Sbelc was not assessed, since most of 
the produced SBEIc in these cells was deposited into inclusion bodies. 

25 

The 152 kD SBEI is Associated with Starch Granules of the Wheat 
Endosperm 

To test if the granule-bound protein of about 149 kD reported by Schofield 
and Greenwell (1987) 25 could correspond to SBEIc, the inventors analysed 
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starch granule extracts by SDS-PAGE and immunoblotting. Silver-staining 
of extracted and gel-separated proteins from granules of mature hexaploid 
wheat kernels resolved seven clearly visible protein bands, of which one 
band migrated as a 140 kD protein in the gel system used (Figure 7A). 

5 An immunoblot analysis of the gel-separated proteins using polyclonal 
antiserum prepared against the wheat 87 kD SBEIb confirmed that the 140 
kD protein band was related to SBEI (Figure 7B, lane a-SBEI). The 
immunoblot analysis also revealed an interaction with the 92 kD protein 
band and several 62 to 67 kD protein bands of unknown identities. Since the 
10 140 kD granule-bound protein corresponded reasonably well in mass to 
SBEIc and no SBEI corresponding in mass with SBEIc was found by 
immunoblot analysis of the soluble endosperm (data presented in Figure 13), 
the inventors reasoned that SBEIc was incorporated into starch granules. 
Further analysis of the granule-bound proteins using polyclonal antibodies 

15 prepared against a 87 kD wheat SBEII, revealed only an interaction with the 
92 kD protein band (Figure 7B, lane a-SBEII), as previously reported by * 
Rahman et ah (1995) 26 . Thus, isoforms analogous to SBEIc and bound to 
starch granules did not seem to exist for SBEII in wheat. 

A gel analysis of granule-bound proteins extracted from developing kernels 
at different stage after anthesis showed no presence of the 140 kD protein 
band in starch prepared from kernels that were less than five days old. These 
young kernel samples contained a substantial amount of pericarp starch, as 
indicated by the presence of the 59 kD GBSSII 21 (Figure 8 A). The 140 kD 
protein band appeared in total kernel starch between five and seven DPA 
and its abundance was relatively constant from there on. Thus, the 
accumulation of the large isoform of SBEI in the kernel starch coincided with 
the accumulation of the 4.6 kb SBEI transcript during kernel maturation 
(Figure 2). 



20 
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One or two proteins corresponding closely in migration with SBEIc were also 
found associated with starch granules of Triticum monococcum, Triticum 
tauschii and Triticum turgidum ssp. Durum (Figure 8B), and immunoblot 
analysis confirmed that these proteins were recognised by SBEI antibodies. 1 
5 The inventors concluded that SBEIc isoforms~must be encoded by all three 
genomes of hexaploid wheat. 

The inventors have further demonstrated that SBEIc and its isoforms are 
preferentially associated with A-type starch granules of wheat endosperm. 

10 

SBEIc Isoforms are Preferentially Associated with A-type Starch Granules 
in Wheat Endosperm 

The inventors compared starch granule proteins (SGPs) localised in A- and 
B-type starch granules, by purifying the two granule fractions from wheat 

15 -endosperm-of six wheat cultivars using-a -method previously reported 27 . The 
extracted SGPs were resolved by SDS-PAGE and visualised by silver 
staining. To quantitatively compare the different polypeptides in A- and 
B-type starch granules, the 60 kD GBSSI was used as an internal standard for 
equal loading of proteins. The major SGP of 60, 80, 92, 100, 108 and 115 kD, 

20 were present in similar concentrations in A- and B-type starch granules from 
all the cultivars tested (Figrure 9), and no difference was observed among 
polypeptides with molecular masses lower than 60 kD. These results were 
consistent with previous studies that reported almost identical polypeptide 
profiles for wheat A- and B-type starch granules 43 26 29 . 

25 

In addition to known SGPs, the inventors found that A-type starch granules 
of all wheat cultivars tested contained a polypeptide co-migrating with SBEIc 
of Fielder (Figure 9). A slightly larger polypeptide, with an apparent 
molecular mass of 145 kD, was also present in A-type starch granules of all 
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cultivars except Fielder (Figure 9). Analysis of B-type starch granules from 
the six wheat cultivars showed a much lower abundance of the 140 and 145 
kD polypeptides as compared to the A-type granules. In B-type granules of 
the cultivar Fielder, only the 140 kD band was observed. Thus, the inventors 
5 concluded that SGP-140 band, which includes SBEIc in Fielder, and SGP-145 
are preferentially associated with A-type starch granules. 

In developing wheat endosperm, A-type starch granules are initiated at 
about four to 14 DP A, whereas B-type granules are formed after 14 DP A* 3°. 

10 After initiation, both granule types continue to grow until maturity of the 

endosperm 31 . An image analysis of purified large-size and small-size starch 
granule fractions from developing endosperm of the cultivar CDC Teal 
showed that the growth of small starch granules formed before and after 15 
DP A was significantly different (Figure 10). Prior to 15 DP A, the newly 

-15 • formed small starch granules grew-rapidly in size to become large-size (>10 
urn) s tarch granules (Figure 10 A) . During the time period eight to 15 DP A, 
large-size starch granules accounted for more than 70% of total endosperm 
starch granules (Figure 10B). Small-size starch granules formed after 15 DP A 
increased rapidly in number until maturity (from 25% to 94%), but they grew 
20 very slowly and only reached diameters less than 10 um. 

i 

SGP-140 and SGP-145 are Preferentially Incorporated into A-type Staxch 
Granules Throughout Endosperm Development 

The preferential incorporation of SGP-140 and SGP-145 into A-type granules 
25 can be explained by synthesis of these polypeptides only during the first 15 
DPA. To study this possibility, the inventors analysed the protein profiles of 
large-size and small-size granules isolated at different DPA (Pigure 11). The 
large-size (>10 jam) A-type starch granules were found to show no variation 
in SGP-140 and SGP-145 concentration during development. Small-size 
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starch granules (<10 \xm in diameter) formed before 15 DP A, which were of 
the A-type, were also found to contain SGP-140 and SGP-145 at about the 
same concentration as in large-size granules. On the other hand, small-size 
B-type starch granules harvested after 15 DPA, showed very low presence of 
5 SGP-140 and SGP-145. The analyses demonstrated no significant variation in 
concentration of the other major granule-bound polypeptides (60, 80, 92, 100, 
108 and 115 kD) for both small-size and large-size starch granules 
throughout endosperm development. In the cultivar CDC Teal, most of the 
A-type granule growth occurred after 15 DPA, when about 65% (w/w) of the 
10 starch in A-type granules was synthesized. The constant levels of SGP-140 
and SGP-145 in A-type granules strongly suggested that the two proteins 
were continuously incorporated into A-type granules throughout endosperm 
development. 

15 -^he-ratio of total SGP-140-plus-SGP-145 in-A-type granules versus total 

SGP-140 plus SGP-145 in B-type granules is preferably at least about 4, more 
preferable at least about 5, most preferably at least about 10. 

Both SGP-140 and SGP-145 are Related to SBEI 

20 To confirm the identity SGP-140 as an SBEI isoform in the cultivar CDC Teal 
and to identify SGP-145, immunoblots of SGP from A- and B-type starch 
granules were reacted with polyclonal antibodies raised against wheat SBEI, 
SBEII, SSI, SSII and GBSSI, respectively (Figure 12). The major polypeptides 
of 60 kD (GBSSI), SO kD (SSI), 92 kD (SBEII) and 100 to 115 kD (SSII), were 
25 recognised by their respective antibodies, as expected, with no difference in 
intensity between A-type and B-type granules. Among the five antibodies 
tested, only the wheat SBEI antibodies reacted with SGP-140 and were also 
found to recognise SGP-145., A weaker interaction between the SBEI 
antibodies and a protein co-migrating with SBEII and proteins of 
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approximately 63 kD were also seen. Similar to the analysis of SGP-140 and 
SGP-145 by SDS-PAGE, the immunoreactive bands were strong in A-type, 
but weak in B-rype starch granules. 

5 The inventors have further confirmed that"SGP-140 and SGP-145 protein 
bands of the wheat cultivar CDC Teal have very similar N-terrninal 
sequences as SBEIc. Direct amino acid sequencing of the protein bands 
purified from SDS-PAGE gels suggested variation in amino acid sequence as 
indicated in Table I. This is likely due to presence of several polypeptides 
10 that differ slightly in sequence within the same protein band. Presence of 
several isof orms of SBEIc was also suggested by reverse transcription PCR 
analysis of transcripts produced in the cultivar Fielder. Alignment of the 
determined N-terminal sequences of the SGP-140 and SGP-145 with those 

* - 

predicted for SBEIc and wSBEI-D2 revealed striking similarities, thus 
15 -suggesting that all four-polypept-ides-were closely-related (Table I). A lower 
level of similarity was noted to the predicted N-terminal sequence for the 
wheat 87 kD SBEIb 19 isof orm. Since the molecular masses of SGP-140 and 
SGP-145 were reasonably close to that of SBEIc (152 kD) predicted from Sbelc 
cDNA, the inventors concluded that SGP-140 and SGP-145 bands contain 
20 isof orms of SBEIc. 

SGP-140 and SGP-145 are Only Located to Starch Granules in the Wheat 
Endosperm 

To localise SGP-140 and SGP-145 in the developing kernels, SGP from 
25 pericarp and endosperm starch granules, and the soluble endosperm fraction 
were prepared from developing wheat kernels, and analysed by SDS-PAGE. 
and immunoblotting (Figure 13). The results of these analyses confirmed 
that SGP-140 and SGP-145 were present within the endosperm starch 
oranules, but could not be found in the endosperm soluble fraction. Nor 
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were SGP-140 and SGP-145 observed in pericarp starch granules harvested 
from 5 to 10 DP A, but could be seen as two very faint bands in pericarp 
granules of 15 DP A. Since pericarp from kernels older than 15 DP A was 
rather difficult to separate from the endosperm, it is possible that the .two 
5 faint bands seen in 15 DPA pericarp sample originated from some 
• endosperm starch granules mixed with the pericarp starch granules. 

SGP-140 and/or SGP-145 Homologies Exist in Plant Species Known to 
Produce A- and B-type Starch Granules 
10 The inventors' study included starches from plants with bimodal (rye, barley 
and triticale) and unimodal (rice, maize, potato, canary seed) starch granule 
size distribution 1 . SDS-PAGE analysis of extracted SGP from triticale, barley 
and rye revealed one (barley and rye) or two protein bands (triticale) with 
similar relative mobility as SGP-140 and SGP-145 of wheat (Figure 14A). 
.its -These protein bands- were-also?£ound -to react with-SBEI antibodies (Figure 
14B), and thus appeared to be SGP-140 and SGP-145 homologues. Analysis 
of canary seed, rice, maize and potato SGP did not reveal presence of any 
polypeptides similar in size to SGP-140 and SGP-145 and reacting with SBEI 
antibodies (Figures 14 A and 14B). Thus, it appeared that proteins similar to 
SGP-140 and SGP-145 were only present in cereal starches with bimodal 



20 



granule size distribution. 



To determine if the SGP-140 and SGP-145 counterparts in triticale, barley and 
rye were, like in wheat, preferentially associated with A-type starch granules, 
25 the A- and B-type starch granules from these cereals were analysed. Similar 
to wheat endosperm starch, the SGP-140 and SGP-145 homologues were 
abundant in A-type starch granules, but very scarce in B-type starch granules 
(Figure 14C). 
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The results show that SGP-140 and SGP-145 are preferentially found on both 
small-size and large-size A-type granules (Figure 11). No reduction was 
noted in SGP-140 and SGP-145 concentrations in large granules harvested 
after 15 DPA (Figure 11), a developmental stage when most of the A-type 

5 granule starch is being produced. This suggests that SGP-140 and SGP-145 
are continuously targeted to A-type granules, even when B-type granules are 
' produced. Since SGP-140 and SGP-145 did not accumulate in the soluble 
phase of the endosperm, these proteins must be actively produced both 
before and after 15 DPA. This was also indicated by RNA analysis of SGP- 

10 140 gene expression during kernel development, which showed only a small 
reduction in transcript levels after 15 DPA, as compared to before 15 DPA 
(Figure 2). 

The inventors demonstrated that the 140 kD protein band revealed by SDS- 
15 PAGE analysis of Fielder wheat starch granules contains a novel 152 kD 

isoform of SBEI in plants. SBEIc encoded by the isolated cDNA differed from 
previously characterised SBEI isoforms by its high molecular mass and by 
the presence of two domains of SBEI-like sequences. Domain 1 differs from 
domain 2 by the lack of a 21 amino acid long peptide and a 163 residue long 
20 (~17 kD) C-terminal sequence (Figure 5). 

The inventors study showed that the 152 kD SBEIc represents a granule- 
bound form of SBEI. 

25 The analysis of SBEI transcripts produced in the developing wheat 

endosperm of the cultivar Fielder suggested that there are at least three 
different forms of SBEIc transcripts produced. These variants would encode 
proteins of very similar molecular masses (<1 kD difference), and thus, 
cannot be distinguished as separate bands on one-dimensional SDS-PAGE 
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gels. Our analysis of starch granules of Triticum species suggested that 
variants of SBEIc also exist in both diploid (Triticum monococcum, Triticum 
tauschii) and tetraploid (Triticum turgidum ssp. durum) wheat (Figure 8B). For 
the tetraploid wheat cultivar Kyle, two separate protein bands were 
5 distinguished, and apparently, the difference between the SBEIc isoforms in 
this cultivar is more distinguishable on SDS-PAGE gels than those of the 
hexaploid wheat cultivar Fielder. 



INDUSTRIAL APPLICABILITY 

10 SEBIc is a novel starch branching enzyme. It can be used in vitro to 

synthesise or modify starch. Modified starches find use in the food and 
beverage industries as a thickener and sweetener, as well as in industrial 
uses, such as the production of stiffening agents for laundering, sizing for 
paper and_as thickeni ng ag ents and adhesiyes ^ 2 33 » 

15 

The Sbelc sequence, or fragments thereof, or complementary sequences to 
any of these can be used to screen plant genomes to locate genes that are 
homologous (i.e. which encode similar activities). 

i 

20 Expression of SBEIc in a plant can be expected to result in modification of 
starch granule morphology and size distribution in seed endosperm. The 
Sbelc gene may be expressed in a plant already having a copy of this gene, in 
which case the expression SBEIc can be expected to increase. Increase in 
SBEIc expression may result in increase in A-type starch granule 
25 concentration, and/ or in increase in starch granule size. Cultivars having 
increased A-type granules would be desirable, for example, in the 
production of gluten, as A-type granules are more easily separated from the 
protein of the endosperm. Wheat starch with elevated A-granule content has 
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applications in the manufacture of biodegradable plastic film and carbonless 



copy paper 34 . 



In addition to the sequence of Sbelc, listed in SEQ ID NO: 1, the invention 
5 also relates to homologous variants of SEQ ID NO: 1, including DNA 
sequences from plants encoding proteins with two SBEI-like domains, as 
illustrated in Figure 5, and deduced amino acid sequences of 25% or greater 
identity, and 40% or greater similarity, isolated and/ or characterised and/ or 
designed by known methods using the sequence information of SEQ ID 
10 NO:l or SEQ ID NO: 2, and to parts of reduced length that axe able to 
function as inhibitors of gene expression by use in an anti-sense, co- 
suppression [TranSwitch® gene suppression technology; U.S. patent no. 
5,231,020, July 27, 1993; for reviews see Iyer et al. (2000) 35 , Baulcombe (1996) 36 
and Vaucheret et al. (1998) 37 ] or other gene silencing technologies. It will be 
•15 -^appreciated-by-persons- skilled- in-the-ast -that small changes in the identities 
of nucleotides in a specific gene sequence may result in reduced or enhanced 
effectiveness of the genes and that, in some applications (e.g. anti-sense or co- 
suppression), partial sequences often work as effectively as full length 
versions. The ways in which the gene sequence can be varied or shortened 
20 are well known to persons skilled in the art, as are ways of testing the 
effectiveness of the altered genes. All such variations of the genes are 
therefore claimed as part of the present invention. 

Other preferred degrees of identity to the indicated sequences are at least 
25 30%, 40%, 50%, 60%, 70%, 80%, 90% and 95%; and other preferred degrees of 
similarity are at least 50%, 60%, 70%, 80%, 90% and 95%. To assess sequence 
homology, a computer program known as MegAlign®, DNASTAR® of 
DNASTAR Inc., 1228 South Park Street, Madison, WI 53715, USA, may be 
used. This program is based on the Clustal V algorithm 38 . For each gap 
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introduced in the alignment, the program deducts a penalty from the score. 
A higher gap penalty suppresses gapping; a lower value promotes it. The 
program also assesses penalties based on the length of the gap. The more 
residues the gap spans, the greater the penalty. The program deducts these 
5 penalties from the overall score _ of the alignment. 

The expression "homologous variant", when referring to a DNA sequence, 
encompasses aU DNA sequences encoding a protein having the same 
functionality as the recited sequence, as well as those having two SBEI-like 
10 domains, illustrated in Figure 5. The same expression, when referring to an 
amino acid sequence, encompasses all amino acid sequences having the same 
functionality as the given sequence. 



~~ SuppTesiion" of transcription and/ or translation of Sbelc, for example, by 
15- : ulini"ariti-sen1e a^pTo'achesTwould be expected to reduce the concentration 
of A-type starch granules. Reduction in A-type granules is desirable if the 
starch is going to be used as face powder, as a laundry-stiffening agent, a fat 
replacement or in the production of degradable plastic films 39 40 . 

20 For the purposes of breeding cultivars having enhanced A-type starch 

granule concentration, probes based on the sequence of Sbelc (SEQ ID NO: 
1) or complementary sequences may be used to screen the genome of existing 
cultivars to find those cultivars having within their genome homologues 
(particularly alleles) of Sbelc, encoding SBEs that are preferentially bound to 
25 A-type starch granules. Such cultivars can be chosen for crossbreeding with 
one-another, resulting in progeny strains having a high level of SBEIc or 
homologue expression. Alternatively, cultivars having a low level of 
Sbelc-like sequences within their genome can be expected to have a low level 
of A-type starch granules. Such cultivars could be chosen for crossbreeding 
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with one-another, resulting in progeny strains having a low level of SBEIc 
expression, and a reduced content of A-type starch granules. 

Similarly, strains expressing SBEIc or homologous variants can be found 
5 using antibodies raised to' SBEIc (polyclonal or monoclonal) to screen cereal 
varieties to find those having SBEIc or variants. Antibodies to SBEIc can be 
produced by known methods 41 42 43 44 . 

The invention also relates to a method of genetically transforming a plant so 
10 that the plant expresses a starch branching enzyme that is bound to A-type 
starch granules in wheat, barley, or triticale endosperm. 

The invention further relates to a genetically modified plant expressing a 
starch branching enzyme that is bound to A-type starch granules in wheat, 
15 -Barleyro^"triticate"endospermr 

The invention also relates to a genetically modified plant having within its 
genome a hybrid gene, wherein the hybrid gene comprises a DNA sequence 
encoding a starch branching enzyme that is bound to A-type starch granules 
20 in wheat, barley or triticale endosperm, or a fragment thereof, fused to a 
passenger-gene. The protein encoded by the hybrid gene is preferably 
targeted to starch granules. The passenger-gene preferably encodes a 
vaccine, an antibody, a pigment, a preservative, a fragrant or flavour 
inducing agent, a receptor, or an enzyme involved in lipid, carbohydrate or 
25 protein synthesis, degradation or modification. 



Genetically modified plants expressing SBEIc activity would be expected to 
have altered starch granule morphology. In plants having unimodal starch 
granule deposition in the wild type, the transformant could be expected to be 
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either bimodal (i.e. large and small starch granules), or unimodai, but with 
an increase in starch granule size. 

Methods for transforming plants are known in the art [see, for example, 
Potrykus (199 1) 45 ; Vasil (1994) 46 ; Walden and Wingender (1995) 47 ; Songstad et al. 
(1995) 48 ; Bechtold et al. (1993) 49 ; Katavic et al. (1994) 50 ; DeBlock et al. (1989) 51 ; 
Moloney et al. (1989) 52 ; Sanford et al. (1987) 53 ; Nehra et al. (1994) 54 ; Becker et ai. 
(1994) 55 ; Rhodes et al. (1988) 56 ; Shimamoto et al. (1989) 57 ; Meyer, (1995) 58 ; Datla et al. 
(1997) 59 ]. 



BEST MODES FOR CARRYING OUT THE INVENTION 



Abbreviations: 



DTT: diothioAreitol _ 

15 EDTA: ethylene diammine tetraacetate 

IFTG: isopropyl p-D-thiogalactopyranoside 
5'-RACE: 5'-rapid amplification of cDNA ends 
RT-PCR: reverse transcription -polymerase chain reaction 
SDS: sodium dodecyl sulfate 

20 Tris: tris(hydroxymethyl)aminomethane 



SCREENING OF A WHEAT CDNA LIBRARY 

Approximately 200,000 plaques of a cDN A library, constructed from wheat 
poly(A)+ RNA isolated from 12-day-old wheat kernels 60 , were screened for 
25 Sbel clones by plaque hybridisation 61 . Probe 1 used in the library screening 
consisted of an 828 bp Reverse Transcription-PCR (RT-PCR) product, 
obtained from a reaction using 12 day old wheat kernel RNA and the 
Sbel-specific primers BE11 and BE12 (Figures 1 and 4). The primers were 
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based on sequences of previously characterised Sbel clones from wheat" » 
Ten of the positive clones were plaque-purified and their inserts were excised 
in vivo from the Uni-ZAP XR™ vector (Stratagene). The clone with the 
longest insert was denoted pRN60 and chosen for further characterisation. 



DNA SEQUENCE ANALYSIS 

Templates for sequencing were prepared by subcloning DNA fragments into 
the pBluescript II SK + vector (Stratagene). DNA sequencing reactions were 
performed by the dye terminator cycle sequencing technique and analysed 

10 on an automated DNA Sequencer (Applied Biosystems, Foster City, CA) . All 
reported sequences were determined on both strands and from overlapping 
templates. Nucleotide sequences were assembled and analysed using the 
Lasergene™ software (DNASTAR Inc.). Pair-wise alignments of DNA and 
protein sequences were calculated by the Clustal method using a.ktuple 

15 value 1, gap penalty value 3 and window size 5. 



ISOLATION OF RNA AND KNA GEL BLOT ANALYSIS 
Total RNA was isolated from 12-day-old wheat kernels using a hot-phenol 
method as described". RNA gel blot analysis was performed with 20 ug total 
20 RNA fractionated on a 1% agarose-2.2 M formaldehyde gel, transferred to a 
Hybond™ (Amersham) membrane, hybridised with probe 2 (nucleotides 
1993 to 4209 of Sbelc; Figure 1) and washed as described by Nair et al. 
(1997) 60 . To assure that about the same amount of RNA was loaded onto 
each lane, the hybridised blot was stripped and rehybridised with a 25S 
25 ribosomal DNA probe as described 60 . Probes were radio-labelled using the 
Rediprime™ random primer labelling kit from Amersham. 
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5'-RACE 

5'-RACE was performed with po!y(A) + RNA extracted from 12-day-old wheat 
endosperm following the protocol supplied with the Marathon™ cDNA 
Amplification Kit from Clontech. The first strand synthesis was primed with 
5 "the Sbel-specific BE19 primer (Figures 3llnd 4)\" AfteriyntKesis of the second 
strand, the double-stranded cDNA was ligated to the Marathon cDNA 
Adapter (Clontech), followed by a first round PCR amplification performed 
with the adapter primer API (5'-CCATCCTAATACGACTCACTATAGGGC- 
3'; Clontech) and the Sfrel-specific primer BE25 (Figures 3 and 4). The 

10 reaction was initiated by a denatuxation step at 94°C for 3 min followed, by 
25 cycles of 94°C 30 sec, 62°C 20 sec and 68°C 3 min and a final 10 min 
extension at 68°C. Products derived from the 4.8 kb Sbel transcripts were 
separated from shorter products derived from the 2.8 kb Sbel mRNA by 
agarose gel electrophoresis. Products of 1.9 to 2.7 kb were gel-purified and 

15 used as a template in a nested amplification employing nested adapter 

primer AP2 (5'-ACTCACTATAGGGCTCGAGCGGC-3'; Clontech) and the 
gene-specific primer BE39 (Figures 3 and 4). The amplification conditions 
were 94°C 3 min, 30 cycles of 94°C 30 sec, 65°C 20 sec and 68°C 3 min, 
followed by a final extension at 68°C for 10 min. Amplified fragments were 

20 separated by agarose gel electrophoresis, isolated, cloned and analysed by 
DNA sequencing. 



RT-PCR 

First strand cDNA, used as a template in the RT-PCR reactions, was 
25 synthesised from 1.0 jag total RNA isolated from 12-day-old wheat 
endosperm. The KNA was primed with oligo(dT)i2-is and reverse- 
transcribed in a total volume of 20 }il using Superscript™ II (Gibco-BRL). 
PCR reactions (25 were performed with a 0.5 \i\ aliquot of the first-strand 
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cDNA using the Long Expand Template™ PCR System ("Boehringer 
Mannheim) and the primer pair BE65/BE38 (Figures 3 and 4). Reactions 
were initiated by a denaturation step at 94°C for 3 min, followed by 30 cycles 
of 94°C 30 sec, 65°C 20 sec, 68°C 2 min 30 sec and a final 10 min extension at 
5 68°C. Amplified fragments were fractionated by agarose gel electrophoresis, 
isolated, cloned and analysed by DNA sequencing. 



_CONS.TRUCTI.ON.QJEJBXERES.S.IQN3rECmKS 

Assembly of the pQE-SBEIc plasmid (Figure 6A) was initiated by PCR 
10 amplification (30 cycles of 94°C, 65°C 20 sec, 68°C 2 min 30 sec) of Sbelc 
nucleotides 265-1879, using the BE63/BE39 primer pair (Figure 4). This 
reaction introduced a Ncol recognition site at the start of the sequence 
"enc6ming"t he mature SBmirTh-ereafter, the-N-co-I^Nral-fragment carrying 
- ^'ZZSMlZmicleo^ amplified product, filled-in 

15 and inserted into a filled-in BamHI site of the His-tag expression vector 

pQE30 (Qiagen). Construction of pQE-SBEIc was completed by insertion of a 
2.2 kb EcoRV-XhoI fragment (Sbelc nucleotides 1623 to 4563 with Xhol site 
added at the end) into the EcoRV and Sail sites. 

20 Construct pREP4-cm, encoding the Lac repressor, was derived from pREP4 
(Qiagen) by replacing the NPTII gene carried on a Clal-Smal fragment, with 
the chloroamphenicol resistance gene isolated as a PvuII-BstBI fragment 
from the pACYC184 vector. 

25 Construction of pKKABEI, encoding the mature 87 kD wheat SBEI, was 
initiated by inserting nucleotides 221-923 (Ncol-Kpnl fragment) of pABEI 
cDNA 19 into Ncol-Kpnl sites of the bacterial expression vector pKK388-l 
(Clontech). Then nucleotides 923-2729, isolated as a Kpnl fragment, were 
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introduced to give pKKABEI. The SBEII expression vector, pQRN33, 
encoding the mature wheat SBEII was obtained by two cloning steps. First 
the PRN33 60 nucleotides 317-1442 carried by a Haelll fragment were inserted 
into a filled-in BamHI site of the His-tag expression vector pQE31 (Qiagen). 
5 The resulting construct was restricted with Kpnl and Smal, followed by 

introduction of nucleotides 1245-2632 located on a KpnI-PvuII fragment, to 
givepQRN33. 

ANALYSIS OF BE ACTIVITY PRODUCED IN ESCHERICHIA COLI 
10 The BE-deficient Escherichia coli strain KV832 23 carrying pREP4-cm was 

transformed with pQE-SBEIc or the cloning vector pQE30. Plasmids pREP4- 
cm and pQE30 were also introduced into the BE-positive Escherichia coli 
strain DH5a. The bacterial cultures were grown at 37°C, in liquid YT 
.medium*} containing 1.0% glucose, 100 ug /ml carben icillin and 25 jag/ml 
15 chloramphenicol to an ODeoo = 0.6, and induced for two hours by addition of 
IPTG to 1 mM final concentration. Production of SBEIc was verified by SDS- 
PAGE gel analysis of cell lysates prepared from non-induced and induced 
cultures. 

20 Visualisation of BE activity in bacterial cells grown on solid media was done 
by iodine staining of colonies as described by Kossman el ah (1991) 24 . The BE 
activity levels in cells from non-induced cultures was determined by the 
phosphorylase a stimulation assay 20 performed at 30°C for 30 min using two 
and five |ig of soluble protein extract. The cell extracts were prepared from 
25 cells of 1 ml culture that were lysed by sonication in 0.25 ml extraction buffer 
(50 mM Tris-HCl pH 7.5, 2 mM EDTA, 5 mM DTT, 1 mM 
phenylmethylsulfonyl fluoride) and centrifuged at 15,000 x g for 20 min. 
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Determination of protein concentration in the soluble extracts was done 
using the dye-binding assay (Bio-Rad). 

LARGE SCALE PRODUCTION OF WHEAT SBE IN ESCHERICHIA^COLI 

5 A culture of KVS32 cells transformed with pKKABEI was grown at 37°C in 
LB medium containing 100 pig mL 4 ampicillin. At OD600 = 0.6, IPTG was 
added to a final concentration of 0.5 nuM and the culture was grown at 25° C 

for-14-h-Gells-were-hafFvested-by-centrifugation and SBEI was purified 

according to Guan et al (1994) 63 . The final protein extract was loaded onto a 
10 10% preparative SDS-PAGE gel and the 87 kD SBEI band was isolated by 

electroelution (Model 422 Electro-eluter™, Bio-Rad). The protein eluate was 
concentrated using a Centriplus-30™ column (Amicon) before 
"~" immunisation. 

15 The SBEII expression vector, pQRN33, was introduced into the Escherichia coli 
strain, M15, carrying pREP4 and grown at 22°C in medium containing 25 g/1 
try p tone, 15 g/1 yeast extract, 5 g/1 NaCl, 1% glucose, 100 jag/ ml ampicillin 
and 25 j-ig/ml kanamycin. Cells were grown to OD6oo=0.7, IPTG was added 
to give a 1 mM final concentration and the cells were grown for an additional 
20 14 h. Harvested cells were lysed under denaturing conditions and the His- 

tagged SBEI was purified using the QIAexpress purification system (Qiagen). 
The guanidine hydrochloride denatura tion buffer, column washing buffers 
and elution buffer were all supplemented with 10 mM P-mercaptoethanol 
and 0.25% Tween 20. The homogeneity of the column fractions used for 
25 immunisation was verified by SDS-PAGE. 
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PREPARATION OF SBEIAND SBEII ANTIBODIES 

About 100 jig purified SBEI, or 250 ^g His-tagged SBEII in 500 \i\ phosphate- 
buffered saline, was emulsified with an equal volume of Freund's complete 
adjuvant (Difco) and injected intradermally into cereal-starved rabbits. The 
5 injection was repeated twice at two-weeks intervals using about 50 jag 

antigen and an equal volume of Freund's incomplete adjuvant (Difco). The 
antiserum was collected two weeks after the final injection. 

ISOLATION OF TOTAL STARCH 

* 

10 Starch granules were extracted from mature and developing wheat kernels 
according to procedure described by Zhao and Sharp (1996) 64 , with the 
exception of the steeping step, which was only done with mature seeds. 

ISOLATION OTA-TYPE AND B-TYPE STARCH GRANULES 
Starch granules were isolated from mature endosperm of five hexaploid 
15 wheat cultivars {Triticum aesiivum L. cv. CDC Teal, McKenzie, AC Karma, c 
AC Crystal, and Fielder), one tetraploid wheat {Triticum turgidum L. cv. 
Plenty) cultivar, barley {Hordeum vulgare L.), rye (Secale cereale L.), triticale (X 
Triticosecale Wittmack), rice (Oryza sativa L.), maize (Zea mays L.), canary seed 
(Phalaris canariensis L.) and potato {Solarium tuberosum L.) tubers as described 
20 by Peng et al. (1999) 27 . Pericarp and developing endosperm tissues were 

manually dissected from wheat {Triticum aesiivum L. cv. CDC Teal) kernels 
and immediately placed in extraction buffer B [50 mM Tris-HCl, pH 7.5, 10 
mM EDTA, 5 mM DTT, 10% glycerol, 0.1% (w/v) polyvinyl pyrrolidone] 
held at 40°C The pericarp fraction v/as washed three times with extraction 
25 buffer B to remove endosperm starch granules. The endosperm and pericarp 
fractions were homogenised with a mortar and pestle in three volumes of 
• extraction buffer B and filtered through four layers of Miracloth™ 

(Calbiochem) to remove cell debris. The crude starch granule fraction was 
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pelleted by centrifugation at 15,000 x g for 30 min and further purified as 
described 27 . The endosperm starch granules were separated into large-size 
(diameter >10 pirn) and small-size (diameter <10 |im) fractions and studied by 
image analysis as described 27 . 

5 PREPARATION OF ENDOSPERM SOLUBLE FRACTIONS 

The supernatant remaining from centrifugation of the homogenised 
endosperm (see above) constituted the endosperm soluble fraction. Protein 
concentration in the extract was determined using a dye-binding assay from 
Bio-Rad. For each endosperm fraction, the total amount of extracted soluble 

10 protein was determined. 

SDS-PAGE ANALYSIS OF STARCH GRANULES 

Extracted total starch (10 mg) was resuspended in 150 p.1 of sample buffer 
(62.5 mM Tris-HCl pH 8.0, 10% SDS, 10% glycerol, 5% p-mercaptoethanol 
and 0.005% bromophenol blue), boiled for 7 min, cooled on ice for 5 min and 
15 centrifuged at 15,000 x g for 20 min. Extracted A-type and B-type starch 

granules ( 50 mg) were suspended in 350 jal extraction buffer A [62.5 mM 
Tris-HCl, pH 6.8, 10% (w/v) SDS, 5% (v/v) p-mercaptoethanol], boiled for 15 
min, cooled to room temperature, and centrifuged at 15,000 x g for 20 min. 
SDS-PAGE analysis of total and size fractionated starch granules was done 
20 on 10% resolving gels (30:0.135) and proteins were visualized by Coomassie 
blue staining and/ or silver staining (BIO-RAD). 

IMMUNOBLOTTING 

Total starch granule proteins separated by SDS-PAGE were transferred by 
vertical electroblotting 61 onto Immobilon™ nitrocellulose membranes 
25 (Millipore) at 1.4 V/cm for 2.5 h using buffer 3 described by Bolt and 

Mahoney (1997) 65 . The filters were blocked for 2 h in blocking buffer [5% 
w/v non-fat dry milk, 0.1% Tween 20 in phosphate-buffered saline 61 ] and 
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subsequently incubated for 1 h with primary antibodies in blocking buffer 
(1:1000 dilution). Blots were washed for 1 h in blocking buffer, followed by 
incubation with alkaline phosphatase-conjugated goat anti-rabbit antibodies 
(Stratagene) in blocking buffer (1:5000 dilution). Thereafter, the membranes 
5 were washed with blocking buffer for 1 h and with 50 mM Tris-HCl pH 7.5, 
150 mM NaCl for 45 min. Gel-separated proteins extracted from A-type and 
B-type granules were electrophoretically transferred at 40°C onto PVDF 
membranes (Millipore) using transfer buffer [25 mM Tris-HCl, pH 83, 192 
mM Glycine and 20% methanol]. Membranes were incubated, for 1 h in TBS 
10 buffer [20 mM Tris-HCl, pH 7.5, 150 mM NaCl] containing 3% (w/v) bovine 
serum albumin, to block nonspecific binding sites. Antibodies, at a dilution 
of 1:4000 in TBS buffer, were then added to the blot and incubated for 4 h at 
room temperature. Following three washes in TBS buffer containing 0.05% 
-Tween™ 20 and one wash in TBS buffer, membranes were incubated with 
15 alkaline phosphatase-conjugated goat anti-rabbit IgG (Stratagene) at a 

dilution of 1:5000 for 1 h. Membranes were washed three times in TBS buffer 
containing 0.05% Tween 20, once in TBS buffer, and equilibrated in 20 mM 
Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM MgC12. Immunoreactive bands were 
detected with 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3- 
20 indoly I phosphate (Stratagene). 

N-TERMINAL SEQUENCING OF SGP-140 AND SGP-145 

SGP were extracted from 10 g A-type starch granules of CDC Teal and 
resolved on preparative SDS-PAGE gels. The migration of SGP-140 and SGP- 
145 was determined by silver staining a slice of the gel. The proteins were 
25 eluted from the unstained part of the gel using an electro-eluter (Model 422 
Electro-Eluter™, BIO-RAD) and elution buffer (25 mM Tris, 192 mM glycine, 
0.1% SDS). The eluate was dialysed for 8 h against 2 1 of dialysis buffer (50 
mM Tris-acetate, pH 6.8, 5 mM DTT), with one buffer change. The dialysed 
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solution was concentrated to 500 ul through ultrafiltration (Amicon 100), and 
200 ul of the concentrate was loaded on a preparative SDS-PAGE gel. Gel- 
separated proteins were blotted on a PVDF membrane, as described above. 
SGP-140 and SGP-145 were identified by amido black staining and subjected 
5 to N-terminal sequencing using a gas-phase protein sequencer (Applied 
Biosystem Model 476 A). 

NUCLEOTIDE AND AMINO ACID SEQUENCES 

SEQ ID NO: 1 is the DNA sequence of Sbelc 
10 SEQ ID NO: 2 is the amino acid sequence of SBEIc 
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What is claimed is: 

1. A starch branching enzyme characterised in that it is bound to A-type 
starch granules in wheat rye, barley or triticale endosperm. 

2. A starch branching enzyme according to claim 1, characterised in that it 
5 comprises an amino acid sequence encoded by the DNA sequence 

shown in SEQ ID NO: 1, or a homologous variant thereof. 

3. A starch branching enzyme according to claim 1, characterised in that it 
comprises an amino acid sequence as shown in SEQ ID NO: 2, or a 
homologous variant thereof. 

10.4. A DNA sequence characterised in that it encodes a starch branching 

enzyme that is bound to A-type starch granules in wheat, rye, barley 
or triticale endosperm. 

5. A DNA sequence according to claim 4, characterised in that the starch 
branching enzyme that it encodes comprises the amino acid sequence 

15 given in SEQ ID NO: 2, or a homologous variant thereof. 

6. A DNA sequence according to claim 4, characterised in that it comprises 
the sequence given in SEQ ID NO: 1, or a homologous variant thereof. 

7. A method for increasing the concentration of A-type starch granules 
in the endosperm of a plant seed, the method comprising the step of: 

20 expressing in the plant a DNA sequence encoding a starch branching 

enzyme that is bound to A-type starch granules in wheat, rye, barley 
or triticale endosperm. 

8. A method according to claim 7, wherein the plant is a plant having 
unimodal starch granule size distribution in the wild type. 

25 9. A method according to claim 7, wherein the plant is a plant having 

bimodal starch granule size distribution in the wild type. 

10. A method according to claim 7, 8 or 9, wherein the plant is a cereal 
plant. 

11. A method according to claim 7, wherein the plant is a wheat cultivar. 
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12. A method according to any one of claims 7 to 11, wherein the starch 
branching enzyme comprises an amino acid sequence as shown in 
SEQ ID NO: 2, or a homologous variant thereof. 

13. A method for modifying starch comprising a step of exposing glucose 
5 polymers to a starch branching enzyme that is bound to A-type starch 

granules in wheat, rye, barley or triticale endosperm. 

14. A method according to claim 13, wherein the starch branching 
enzyme comprises an amino acid sequence as shown in SEQ ID NO: 
2, or a homologous variant thereof. 

10 15. A method for decreasing the concentration and/ or size of A-type 

starch granules in the endosperm of a plant seed, the method 
comprising the step of: 

suppressing the transcription and/ or translation of a gene encoding a 
starch branching enzyme that is bound to A-type starch granules in 
15 wheat, rye, barley or triticale endosperm. 

16. A method according to claim 15, wherein the starch branching 
enzyme comprises an amino acid sequence as shown in SEQ ID NO: 
2, or a homologous variant thereof. 

17. A method according to claim 15, wherein the gene comprises a DNA 
20 sequence as shown in SEQ ID NO: 1, or a homologous variant 

thereof. 

18. A method for analysing a plant genome to determine the presence or 
absence of DNA encoding granule bound starch branching enzyme, 
the method comprising the steps of: 

providing a probe capable of hybridising with a DNA encoding a 
starch branching enzyme that is bound to A-type starch granules in 
wheat, barley or triticale endosperm; 

exposing the probe to DNA derived from the plant genome; and 
detecting whether hybridisation has occurred. 
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A method according to claim 18, wherein the starch branching 
enzyme comprises an amino acid sequence as shown in SEQ ID NO: 
2, or a homologous variant thereof. 

A method according to claim 18, wherein the probe comprises a DNA 
sequence capable of hybridising to a DNA sequence as shown in SEQ 
ID NO: 1, or a homologous variant thereof. 

A method for analysing a plant genome to determine the presence or 
absence of transcripts encoding granule bound starch branching 
enzyme, the method comprising the steps of: 

providing primer(s) capable of hybridising with RNA encoding a 
starch branching enzyme that is bound to A-type starch granules in 
wheat, barley or triticale endosperm; 

using the primers with RNA derived from the plant genome in a PCR 
reaction; and detecting whether amplification has occurred. 
-A^nethod- according to claim- 2-1, wherein the starch branching 
enzyme comprises an amino acid sequence as shown in SEQ ID NO: 
2, or a homologous variant thereof. 

A method according to claim 21, wherein the primer(s) comprises a 

DNA sequence capable of hybridising to a DNA sequence as shown in 

SEQ ID NO: 1, or a homologous variant thereof. 

An antibody raised to a starch branching enzyme that is bound to 

A-type starch granules in wheat, barley or triticale endosperm. 

An antibody according to claim 24, that is polyclonal. 

An antibody according to claim 24, that is monoclonal. 

A method for determining the presence or absence, in a mixture, of a 

starch branching enzyme that is bound to A-type starch granules in 

wheat, barley or triticale endosperm, the method comprising: 

providing an antibody to a starch branching enzyme that is bound to 

A-type starch granules in wheat, barley or triticale endosperm; 
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exposing the mixture to the antibody; and 

detecting whether binding with the antibody has occurred. 

28. A method according to claim 27, wherein the starch branching 
enzyme comprises an amino acid sequence as shown in SEQ ID NO: 

5 2. 

29. A method of targeting a passenger-gene encoded protein to starch 
granules, the method comprising:. 

creating a hybrid gene comprising a DNA sequence encoding a starch 
branching enzyme that is bound to A-type starch granules in wheat 
10 barley or triticale endosperm, or a fragment thereof, fused to a 

passenger-gene; and 
expressing the hybrid gene in a plant. 

30. A method according to claim 29, wherein the passenger gene encodes 
a protein selected from a vaccine, an antibody, a pigment, a 

15 preservative, a fragrance inducing agent, a flavour inducing agent, a 

receptor, and an .enzyme involved in lipid, carbohydrate or protein 
synthesis, degradation or modification. 

31. A method according to claim 29 or 30, wherein the starch branching 
enzyme comprises an amino acid sequence as shown in SEQ ID NO: 

20 2, or a homologous variant thereof. 

32. A method according to claim 29, 30 or 31, wherein the DNA sequence 
encoding a starch branching enzyme comprises a sequence as shown 
in SEQ ID NO: 1, or a fragment or a homologous variant thereof. 
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